Morsette, Delmore J., Hanna Sidorowicz, and Celia D. Sladek. Role of non-NMDA receptors in vasopressin and oxytocin release from rat hypothalamo-neurohypophysial explants. Am J Physiol Regulatory Integrative Comp Physiol 280: R313-R322, 2001.-Glutamate is recognized as a prominent excitatory transmitter in the supraoptic nucleus (SON) and is involved in transmission of osmoregulatory information from the osmoreceptors to the vasopressin (VP) and oxytocin (OT) neurons. Explants of the hypothalamo-neurohypophysial system were utilized to characterize the roles of the non-N-methyl-D-aspartate (NMDA) glutamate receptor subtypes (non-NMDA-Rs), kainic acid receptors (KA-Rs), and aminopropionic acid receptors (AMPA-Rs) and to evaluate the interdependence of NMDA-Rs and non-NMDA-Rs in eliciting hormone release. Although both KA and AMPA increased hormone release, a specific agonist of the KA-Rs, SYM-2081, was not effective. This combined with the finding that cyclothiazide, an agent that inhibits the desensitization of AMPA-Rs, increased the VP response to both KA and AMPA indicates that the increase in hormone release induced by the non-NMDA agonists is mediated via AMPA-Rs, rather than KA-Rs. Inhibition of osmotically stimulated VP and OT release by a specific AMPA-R antagonist indicated that AMPA-Rs are essential for mediating osmotically stimulated hormone release. NMDA-stimulated VP but not OT release was prevented by blockade of non-NMDA-Rs, but AMPA-stimulated VP/OT release was not prevented by NMDA-R blockade.
GLUTAMATE IS AN IMPORTANT excitatory neurotransmitter in the hypothalamus, as demonstrated by extensive morphological and electrophysiological studies (18, 19, 44) . Glutamate interacts with two classes of ionotropic receptors, N-methyl-D-aspartate (NMDA-R) and non-NMDA (nonNMDA-Rs). Both groups are expressed in the supraoptic nucleus (SON), as demonstrated by immunocytochemistry, in situ hybridization, and electrophysiological techniques (1, 2, 11, 12, 21, 22, 28) . Glutamate is the primary excitatory agent transmitting osmotic information from the organum vasculosum of the lamina terminalis (OVLT) to the VP and OT neurons (29) . Excitatory postsynaptic potentials can be recorded in SON upon stimulation of the osmoreceptive region of the OVLT. The pattern of this activation contains two components: one that can be blocked by a non-NMDA-R antagonist and a second that can be blocked by a NMDA-R specific antagonist (48) . Because both NMDA and non-NMDA-R antagonists also block osmotically stimulated VP release from explants of the hypothalamo-neurohypophysial systyem (HNS; 35, 40) , these data suggest an important role for glutamate in mediating osmotic activation of SON neurons. However, the respective roles of the NMDA and non-NMDA-R subtypes and the interaction between these receptors and the NMDA-Rs on hormone release remain to be elucidated.
The non-NMDA-Rs consist of two groups, the kainic acid receptors (KA-Rs) and the aminopropionic acid receptors (AMPA-Rs). Expression of all the different subunits of AMPA-Rs, as well as several KA-Rs, glutamate receptor (GluR)5,6,7, and KA-2, have been demonstrated morphologically in the SON and hypothalamus (10, 17, 28, 31, 43) . Furthermore, electrophysiological results support non-NMDA-R involvement in the activation of VP and OT neurons (22, 39) . In the evaluation of the relative contribution of KA-R and AMPA-Rs on hormone release, two issues were considered. The first was the relative lack of selectivity of the agonists. Although AMPA-Rs and KA-Rs are classified according to pharmacological sensitivity to these agonists, KA activates both classes of receptors with relatively poor selectivity (13) . Therefore, a more specific KA-R agonist was also used. The second issue was the impact of receptor desensitization on hormone responses. AMPA-Rs desensitize rapidly upon agonist application (24, 25) . Therefore, cyclothiazide, a specific blocker of AMPA-R desensitization, was utilized to study AMPA-R involvement in VP and OT release (25) .
An important role for NMDA-Rs in initiating hormone release is supported by numerous scientific results including the finding that SON is one of the most densely labeled brain regions for the NMDA-R subunit, NR1 (32) . The NMDA-Rs are unique because they are both ligand gated and voltage sensitive. Magnesium blocks the ion channel, and this inhibition is removed upon membrane depolarization (23) . In response to glutamate, the non-NMDA-Rs depolarize the membrane, allowing for magnesium removal and activation of NMDA-Rs. This voltage-sensitive characteristic of the NMDA-R has been implicated in inducing bursting activity in VP neurons (14, 21, 22) . Because bursting activity facilitates sustained VP release, coactivation of the non-NMDA-Rs and NMDA-Rs may be a requirement for detectable hormone release. Therefore, a codependency between these GluRs may exist in SON to allow sustained hormone release. To test the hypothesis that simultaneous activation of non-NMDA and NMDA-Rs is required for glutamate to stimulate VP and OT release, the effect of NMDA was evaluated in the presence of non-NMDA-R blockade and the effects of AMPA and KA were evaluated in the presence of NMDA-R blockade.
METHODS
Preparation and perifusion of HNS. HNS explants were obtained from decapitated male Sprague-Dawley rats (125-150 g). The explants included the OT and VP magnocellular neurons of the SON with their axonal projections extending through the median eminence and terminating in the neural lobe. The explants also included the OVLT, the suprachiasmatic nucleus, and the arcuate nucleus. To prepare the explant, the brain was removed from the skull using a caudal approach to maintain the pituitary stalk intact. Under a dissecting microscope, the anterior pituitary was removed along with the dura mater and arachnoid layers. A block of tissue was removed by cutting rostral to the optic tracts, lateral to the median eminence, and caudal to the pituitary stalk. The explant is ϳ1-2 mm thick and at the rostral end is ϳ5 mm wide at its widest point. Animal care and experimental protocols were approved by the Institutional Animal Care and Use Committee of the Chicago Medical School and correspond to guidelines of the National Institutes of Health, Bethesda, MD.
HNS explants were perifused at 37°C with oxygenated culture medium. The explants were placed in closed chambers (0.5 ml) and perifused at a rate of 1.8-3.0 ml/h. The medium used was F-12 nutrient mixture (GIBCO or Sigma). The medium was fortified with 20% fetal bovine serum, 1 mg/ml glucose, 50 U/ml penicillin, 50 g/l streptomycin, and 0.1 M bacitracin. Bacitracin was utilized to prevent degradation of the OT and VP in the collected media. Six explants were perifused simultaneously during each experiment. The medium from each chamber was collected at 5°C in a refrigerated fraction collector and stored at Ϫ20°C until the OT or VP content was determined by radioimmunoassay. In some experiments, the explants were frozen in liquid nitrogen at the end of the perifusion and stored at Ϫ80°C until extracted for RNA.
Experimental procedures. The explants were perifused for 4 h before application of any pharmacological agent or change in osmolality to allow the explant to equilibrate and to establish a basal rate of hormone release. Subsequent hormone release was normalized to the basal release for that explant at the end of the equilibration period and is expressed as percentage of this basal value. When exposed to increased osmolality, the osmolality of the perifusate was increased over a 6-h period by 30 mosmol/kgH 2 O with NaCl.
Explants were exposed to the following GluR agonists: KA (10 M-1 mM; Sigma); AMPA (10-500 M; Tocris); (2S,4R)-4-methylglutamate (SYM-2081; 0.5 M; Tocris), a KA-R specific agonist (9); and NMDA (50 M, Tocris). The following GluR antagonists were used: CNQX, an antagonist of KA-Rs and AMPA-Rs (10 M, Tocris); AP5, an antagonist of NMDA-Rs (100 M); and SYM-2206 (Ϯ-4-(4-aminophenyl)-1,2-dihydro-1-methyl-2-propylcarbamoyl-6,7-methylenedioxyphthalazine, 6 M, Tocris), a specific AMPA-R antagonist (26) . Cyclothiazide (CYC, 100 M, RBI/Sigma) was also used to inhibit desensitization of AMPA-Rs (25) . When the drugs were water insoluble, an appropriate solvent was used, and the control explants were exposed to the same concentration of solvent necessary to dissolve the drug.
Radioimmunoassay. VP and OT concentrations in the perifusate fractions were determined by radioimmunoassay. The antisera utilized were generated in conjunction with Arnel Products (Brooklyn, NY). The antibodies (Ab) were used at final dilutions of 1:100,000-1:150,000 as provided appropriate assay sensitivity. The buffer for both OT and VP assays was 0.1 M PBS (pH 7.6) with 1 mg/ml bovine serum albumin and 1 mg/ml sodium azide. A 100-and a 50-l aliquot of each fraction were assayed. The standards and samples were incubated for 72 h at 4°C in the presence of 5,000 counts/min of 125 I-AVP or 96 h at 4°C with 3,500 counts/min 125 I-oxytocin (New England Nuclear). Ab-bound VP and OT were separated from free hormone with dextran-coated charcoal. Radioactivity in the charcoal pellet was determined with a gamma-counter and converted to picograms per milliliter by comparison to a standard curve constructed from known concentrations of either OT or AVP. All samples from a given experiment were assayed at the same time. The minimum sensitivity was 1.0 pg/tube for VP and 0.5 pg/tube for OT.
RNA extraction and quantification. Total RNA was extracted by utilizing Tri-Reagent (Molecular Research Center, Cincinnati, OH) and assayed in a ribonuclease (RNase) protection assay utilizing a 32 P-labeled full-length VP cRNA probe (680 bp) synthesized using the Promega Riboprotein System from the pGEM 4-AVP8C construct provided by T.G. Sherman, Georgetown University. A nucleic acid purification cartridge was used to isolate the radiolableled probe from nonspecific radioactivity. This full-length probe hybridized to both the VPmRNA and the OTmRNA because the full-length VPmRNA probe included the highly homologous region of neurophysin in VP and OT mRNA. After hybridization, the samples were treated with RNase to degrade any singlestranded RNA and the protected fragments were separated on a 1.3% agarose gel. Because the protected fragments from VP and OT mRNA were different sizes, it was possible to measure both OT and VP mRNA content with this assay. The details of the RNA protection assay have been described previously (41) . After electrophoretic separation, the bands corresponding to VP and OT mRNA were cut from the gel and counted in liquid scintillation cocktail. Controls were included with standards of 0, 50, 100, 500, and 1,000 pg of sense VP mRNA generated from the cAVP-8C plasmid. RNA from a nonperifused explant and standard preparations of RNA from hydrated and dehydrated rats were included on each gel for comparison. Total extracted RNA from each explant was used in the hybridization reaction.
Data analysis. The results are expressed graphically as means of the percentage of basal release Ϯ SE. Statistical significance was determined by ANOVA with repeated measures on log 10 transformed data. When the ANOVA indicated statistical significance, simple mean effects analysis or Newman-Keuls individual mean comparisons were performed to determine if the difference between groups at specific time points was significant. The level of significance was set at P Յ 0.05. On each figure, an arrow or a box depicts the time when the HNS explants were exposed to each agent, F values represent overall group differences, and symbols (such as *, ϩ, etc.) indicate the probability that hormone release is different between means at individual time points.
RESULTS
Effect of KA and AMPA on VP and OT release. HNS explants were perifused with KA and AMPA in increasing concentrations at 2-h intervals (Figs. 1 and 2). As shown in Fig. 1 , exposure to KA at 10 M, 100 M, and 1 mM increased VP release at all concentrations compared with the control group perifused with basal medium throughout (P Ͻ 0.05). However, in this sequential concentration-response paradigm, the VP response to 100 M and 1 mM KA did not exceed that induced by 10 M KA.
As shown in Fig. 2A , exposure to 10 M AMPA resulted in a prominent increase in VP. The response decayed during the final hour of exposure to 10 M AMPA, and a much smaller stimulation of VP release was observed during the subsequent exposure to 100 M AMPA. However, when explants were exposed initially to 10 M AMPA, the response was comparable to that elicited by 10 M AMPA [for examples, see OT release was only measured in a subset of these explants. As seen in Fig. 2B , sustained stimulation of OT release was observed throughout exposure to all three concentrations of AMPA. Although initially the VP and OT responses to AMPA were similar, the VP response exhibited a greater tendency to decay. The sustained elevation of OT release required continued exposure to AMPA, as demonstrated in an experiment in which AMPA was withdrawn from the medium after a 2-h exposure. Both VP and OT release returned to basal within the time frame expected for washout of AMPA and the hormones from the perifusion chamber.
Role of AMPA receptor desensitization. CYC is a compound that specifically inhibits the desensitization of AMPA-type receptors. It was used to examine the contribution of AMPA-R desensitization to the decay in non-NMDA-R agonist-induced VP release. This compound was applied 30 min before application of the initial concentration of agonist and was present for the remainder of the experiment. The agonists were applied in the same manner as in the previous experiments. CYC significantly increased VP release during the initial exposure to 10 M KA and AMPA (Fig. 3) . However, the response rapidly decayed and became comparable to agonist alone at higher concentrations of agonists. These data support a role for AMPA-Rs in VP release induced by both KA and AMPA and suggest that AMPA-R desensitization attenuates VP release in response to both agonists. CYC applied alone had no Fig. 1 . Effect of kainic acid (KA) on vasopressin (VP) release. VP release was significantly greater in KA (s)-perifused explants compared with controls (ᮀ). KA concentration was increased at 2-h intervals from 10 to 100 M to 1mM as shown by boxes below graph. F value is between group comparison. Symbols (*, ϩ) are level of significance between KA and controls at individual time points. Basal release: KA group, 27.4 Ϯ 6.0 pg/ml; control group, 36.9 Ϯ 7.1 pg/ml. Response to KA-R specific agonist SYM-2081. To determine if the stimulation of VP release by KA reflected activation of KA-Rs, explants were exposed to KA-R specific agonist SYM-2081. As shown in Fig. 4 , SYM-2081 did not increase VP or OT release compared with the controls maintained on basal medium; however, subsequent exposure of the same explants to AMPA (100 M) caused a significant increase in release of both VP and OT. For analysis of the response to AMPA exposure, basal release was recalculated as the release rate for each explant immediately before AMPA exposure (i.e., at 6 h).
Role of AMPA-Rs in osmotic stimulation of VP and OT release. To evaluate the role of AMPA-Rs in the VP and OT response to an osmotic stimulus, a specific AMPA-R antagonist, SYM-2206, was utilized. SYM-2206 is a substituted 1,2-dihydrophthalazine and acts as a noncompetitive inhibitor. An osmotic stimulus was created by gradually increasing the NaCl in the perifusion medium. The explants were exposed to a 6-h ramp increase in osmolality (30 mosmol/kgH 2 O over 6 h) in the presence or absence of SYM-2206 (6 M, Fig.  5 ). In the presence of SYM-2206, there was a significant attenuation of both VP and OT release compared with explants exposed to the increase in osmolality alone. The antagonist alone did not affect VP or OT release compared with control explants exposed only to perifusion medium (VP: F ϭ 0.087, P ϭ 0.77; OT: F ϭ 0.902, P ϭ 0.53; data not shown). Some of the explants evaluated for hormone release were also examined for mRNA changes. In previous studies, exposure to the 6-h increase in osmolality resulted in an increase in VP and OT mRNA content of HNS explants (41, 47, 48) . This osmotically induced increase in VP and OT mRNA was not observed in the presence of the AMPA-R antagonist, SYM-2206 ( Fig. 6 ; VP: F ϭ 27.7, P ϭ 0.0062; OT: F ϭ 11.24, P ϭ 0.028).
Effect of blocking non-NMDA-R on the response to NMDA. The observation that osmotic stimulation of hormone release can be blocked by either an AMPA-R antagonist (Fig. 5) or by NMDA-R antagonists (40) led to the hypothesis that glutamatergic stimulation of hormone release was dependent on coactivation of NMDA-R and non-NMDA-Rs. Because glutamate release by neurons endogenous to the explant might allow for coactivation of both receptor subtypes even during exposure to specific receptor agonists, the response to NMDA was evaluated in the presence of a non-NMDA-R antagonist. As shown in Fig. 7 , NMDA (50 M) significantly increased both VP and OT release from HNS explants compared with control groups. The VP response occurred earlier than the OT response. This may indicate different mechanisms of NMDA action on VP and OT release. NMDA-induced VP release was significantly inhibited in explants exposed to CNQX (10 M) and NMDA simultaneously (Fig. 8A) , but a significant increase in OT release remained in explants exposed to NMDA and CNQX compared with the control group receiving basal medium (Fig. 8B) . OT release was not significantly different between the group receiving NMDA compared with the group exposed to NMDA and CNQX (Fig. 8C) . These results indicate that NMDA-induced VP release requires activation of non-NMDA-Rs, because CNQX inhibited NMDA-induced VP release. In contrast, NMDA-induced OT release did not require activation of non-NMDA-Rs, but the OT release in both the NMDA group and the NMDA plus CNQX group was delayed relative to the VP response to NMDA alone.
Effect of blocking NMDA-Rs on the response to KA and AMPA. To determine if activation of NMDA-Rs is required for the non-NMDA-R agonists to stimulate VP and OT release, the response to KA and AMPA was Fig. 3 . Effect of cyclothiazide on KA and AMPA stimulation of VP release. Cyclothiazide (CYC) was applied 30 min before administration of KA (A) or AMPA (B). CYC, a drug that inhibits desensitization of AMPA-type receptors, significantly augmented VP release during exposure to lowest concentrations of KA and AMPA. Basal release: KA group, 27.4 Ϯ 6.0 pg/ml; KA ϩ CYC group, 18.91 Ϯ 4.3 pg/ml; AMPA group, 17.8 Ϯ 5.7 pg/ml; AMPA ϩ CYC group, 17.0 Ϯ 5.4 pg/ml. evaluated in the presence or absence of AP5, a competitive NMDA-R antagonist. The response of both VP and OT to KA (100 uM) and AMPA (100 uM) was not significantly attenuated by AP5 (100 uM). This concentration of AP5 was previously shown to attenuate osmotically stimulated VP release without altering basal VP release from HNS explants (40). AP5 did not alter the response to KA. There was a significant increase in VP (F ϭ 8.789, P Ͻ 0.0001) and OT release (F ϭ 5.408, P Ͻ 0.001) in response to KA, but the response was not significantly different in the presence and absence of AP-5. The VP response to KA was comparable to that shown in Fig. 1 . Similarly for the AMPA experiments, VP release changed significantly over time in both the AMPA and AMPA plus AP5 groups ( Fig. 9 ; Fϭ5.96; P Ͻ 0.0001), but the response was not different in the presence or absence of AP5 (VP: F ϭ 0.00; P ϭ 1.0; OT: F ϭ 0.25, P ϭ 0.62). This indicates that AMPA-induced release is independent of NMDA-R activation.
DISCUSSION
VP and OT release from the hypothalamic supraoptic-neurohypophysial pathway is controlled by a large number of synaptic inputs involving a wide variety of neurotransmitters (33) . Glutamate is one of the primary excitatory agents, with 20-22% of the nerve terminals in the main body of SON and 38% of the terminals in the ventral dendritic neuropil being glutamatergic (18) . A variety of techniques has been used to study the influence of glutamate on VP and OT neurons, but direct evaluation of the respective roles of the non-NMDA-Rs, the KA-Rs and AMPA-Rs, on the final output of these neurons, VP and OT release, had not been assessed. In addition, their roles in transduc- ing osmotic information had not been assessed. These issues were addressed in the current studies.
Both non-NMDA-R agonists, KA and AMPA, stimulated the release of VP and OT. Because KA and AMPA are relatively nonspecific agonists with each being able to activate the other group of receptors at certain concentrations, attention was paid to discerning the relative contribution of the two-receptor groups to the observed responses. AMPA induced hormone release at concentrations consistent with specific activation of AMPA-Rs. The EC 50 at GluR1-3 for AMPA ranges from 1.3 M for GluR1 to 36 M for GluR3 (13) . In contrast the KA-R, GluR5, has an EC 50 value of 3 mM for AMPA. The discriminating range for KA at KA and AMPA-Rs is not as great, with the KA EC 50 values ranging from 39 to 130 M for the AMPA-Rs, GluR1-4, and 1.5 to 33.6 M for the KA-Rs (13) . Therefore, it is likely that the activation of hormone release by both KA and AMPA can be attributed to activation of AMPA-Rs that are expressed in SON.
Additional evidence that supports this conclusion includes: 1) the potentiation of both KA and AMPA effects by CYC, and 2) the ineffectiveness of a KA-R specific agonist. Because CYC specifically blocks the desensitization of AMPA-Rs (25) , its potentiation of the KA response suggests that KA is activating (and desensitizing) AMPA-Rs. The lack of response to the KA-R specific agonist also suggests that the response to KA reflects activation of AMPA-Rs. In vitro, this compound demonstrated a 500-to 2,000-fold selectivity for the KA-Rs, GluR5 and 6, vs. the AMPA-Rs, GluR1-3 (9), and it had an EC 50 value of 0.12 M for GluR5 and 0.23 M for GluR6. Because the current experiments were performed at five times the EC 50 for SYM-2081, this concentration should have elicited a response if KA-Rs are important contributors to VP and OT release. Furthermore, although SYM-2081 did not elicit hormone release, AMPA subsequently elicited a significant increase in VP and OT, indicating that the explants were capable of being stimulated. These observations support the interpretation that KA stimulation of VP and OT release reflects activation of AMPA-Rs and corresponds with morphological reports of only weak expression in SON and hypothalamus of only two of the KA-R subunits, GluR5 and GluR6 (27, 43) . However, under other physiological conditions, expression of these receptors may be upregulated and they may become more important in the regulation of hormone release.
Hormone release was not sustained in response to extended exposure to either KA or AMPA. The ability of CYC to potentiate responses to KA and AMPA indicated that receptor desensitization was involved, and previous studies had demonstrated that receptor desensitization completely eliminated detectable effects of glutamate on VP release from HNS explants (35) . However, even in the presence of CYC, the responses to AMPA and KA were not sustained. Because the process of desensitization has been postulated to contribute to the termination of glutamatergic activation at these receptors (42) , desensitization may be important in preventing excitotoxic damage of the neurons during exposure to glutamate. Thus in the presence of CYC, excitotoxicity or other processes, such as depolarization blockade or fatique of stimulus-secretion coupling, may limit more extended responses to AMPA or KA. Another possibility is that activation of GluRs on local inhibitory neurons limits the response to AMPA or KA (6) . In previous studies, bicuculline, an inhibitor of GABA receptors, increased VP release from HNS explants (34) . Therefore, local GABAergic circuits are tonically active in these explants. This may also be the reason that basal release was not decreased by CNQX.
Another goal of this study was to evaluate the interactions between NMDA-Rs and non-NMDA-Rs in eliciting VP and OT release. These studies led to the interesting observation that VP and OT release were differentially affected by NMDA. The VP response was rapid in onset and not sustained, whereas the OT response developed slowly and was sustained. This may reflect differential expression of NMDA-R (NR) subunits in VP and OT neurons or differences in activation of local circuitry regulating these two neuronal populations. Relative to the first suggestion, NR1 subunits are expressed equally in VP and OT neurons, but NR2 subunit expression differs. NR2C expression is fivefold greater in VP neurons than in OT neurons (1) . This could confer different functional properties to the NMDA-Rs. In expression systems, the combination of NR1 with NR2C vs. NR2B subunits results in altered sensitivity to magnesium blockade and affinity for glycine. Receptors consisting of NR1 in combination with NR2A or 2B demonstrate a stronger blockade by magnesium ions compared with combinations with NR2C or D (20) . As for glycine affinity, NR1 subunits in combination with NR2C possess a higher affinity for glycine (46) . The differential subunit expression could result in VP neurons being more easily activated by NMDA and could account for the earlier VP response to NMDA compared with the OT release pattern. Reports on the action of NMDA on OT neurons are mixed. In one report, NMDA did not elicit activation of OT magnocellular neurons, and in another, non-NMDA-Rs were reported to be more important than NMDA-Rs on OT neurons (22, 30) . However, these reports contrast with that of Stern et al. (39) that the NMDA-mediated miniature excitatory postsynaptic currents displayed by VP and OT neurons had similar amplitude and kinetic properties. In an additional report, NMDA-R activation induced rhythmic bursting activity in all SON neurons (14) , and both VP and OT neurons responded with increased activation from NMDA application (15) . The suggestion that the diverse OT and VP responses to NMDA reflect activation of local circuits specific for VP and OT neurons is based on the existence of substantial evidence for glutamate activation of both excitatory and inhibitory afferents to magnocellular neurons in SON and paraventricular nucleus (5, 6) . However, to date, the possibility that these circuits differentiate between OT and VP neurons has not been evaluated.
The inhibition of NMDA-induced VP release by CNQX is consistent with the hypothesis that AMPAmediated membrane depolarization is required to remove the magnesium blockade of NMDA receptors. This corresponds with the in vivo finding that intracerebroventricular injection of CNQX blocked an antidiuretic response to intracerebroventricular administration of NMDA (4) . Two doses of 40 nmol of CNQX were injected over a 15-min period with the application of the agonist 5 min after the second injection. The amount of NMDA (1-4 nmol) injected elicited an effect when applied alone (4) . In another study, CNQX (1 mM) caused a significant decrease in the amplitude of NMDA-evoked bursts recorded in SON neurons in vivo (22) . The unexpected finding was that CNQX did not also block NMDA-induced OT release. However, as discussed above, NMDA elicited a slow increase in OT release suggestive of an indirect effect. Another possibility is that the role of AMPA-Rs is different in VP and OT neurons. According to Stern et. al. (39) , there is a differential response to activation of AMPA-Rs between OT and VP neurons with the high-frequency summation of AMPA-R-mediated excitatory potentials being smaller in OT neurons. This may make OT neurons less dependent on AMPA-Rs for eliciting hormone release. It also may explain the somewhat smaller effect of AMPA on OT release compared with VP release (e.g., Fig. 2) .
The failure of NMDA-R blockade to prevent responses to AMPA or KA was also unexpected. Because NMDA-Rs mediate rhythmic bursting activity in VP neurons and because an intermittent firing pattern is important for preventing fatigue of stimulus-secretion coupling and thus for maintaining sustained hormone release (3), it was predicted that AP5, the NMDA-R antagonist, would inhibit AMPA-induced VP but not OT release. However, the current studies indicate that AMPA-mediated stimulation of both VP and OT release can occur independently of NMDA-Rs. These results concur with the in vivo observation that AP5 did not block the antidiuretic response to the intracerebroventricular application of AMPA (4) . Thus the present and previous results indicate that NMDA-R activation is not required for AMPA-or KA-induced VP release.
In conclusion, these results demonstrate that release of VP and OT is stimulated by AMPA-R activation and that both AMPA-Rs and NMDA-Rs are essential for osmotic stimulation of hormone release. However, this dependence of osmotic stimulation on activation of both receptor types does not reflect a requirement for coactivation of these receptors to generate firing patterns consistent with sustained hormone release.
Perspectives
Studies designed to elucidate the mechanisms involved in the osmotic regulation of VP release have spanned the decades since Verney originally postulated the existence of osmoreceptors in 1947 (45) . The cumulative evidence since that time supports a multicomponent sensing system in which both the magnocellular VP and OT neurons and neurons in the OVLT express stretch-inactivated cation channels that result in neuronal depolarization in response to increases in osmolality of the extracellular fluid. Communication between the osmosensitive neurons in OVLT and the magnocellular neurons is required to achieve the sensitive osmotic regulation of hormone release observed physiologically (see Refs. 7 and 33 for review). Thus characterization of the chemical transmission between these neurons has received considerable attention. Glutamate has been identified as a transmitter in this pathway (29) , but prior studies indicated that other transmitters/receptors (e.g., angiotensin II and acetylcholine; Refs. 36 and 37) are also critical for osmotic regulation of VP release. It is unlikely that angiotensin II and acetylcholine serve as cotransmitters with glutamate from the OVLT. Angiotensin is produced in neurons that innervate SON, including the osmoregulatory pathway from the subfornical organ, but it is not present in OVLT neurons (16) . However, it is produced in the magnocellular neurons (16) , and therefore, it may serve an autocrine role in the regulation of VP and OT release from HNS explants. Recently, angiotensin II and two other excitatory peptides have been shown to activate the stretch-inactivated ion channel responsible for osmosensitivity in the magnocellular neurons and osmoreceptive elements in OVLT and to potentiate the response of these channels to hypertonicity (8) . Thus autocrine release of angiotensin II by the SON neurons may be critical in eliciting responses to osmotic stimulation. A role for acetylcholine is less clear. Although the SON richly expresses ␣ 7 -nicotinic (bungarotoxin) receptors, only minimal innervation of SON by cholinergic fibers has been observed (see Ref. 33) . Thus acetylcholine may not be the endogenous ligand for these receptors, but activation of these ionotropic receptors may increase excitability of the SON neurons, rendering them capable of responding to osmotic stimulation. Additional work is required to understand how these mechanisms interact with glutamatergic membrane depolarization to induce osmotic regulation of VP and OT release.
